INTRODUCTION
In the frog Xenopus laevis , as in many other species of animals and plants (Ridgway et al., 1977; Steinhardt et al., 1977; Miyazaki et al., 1993; Freeman and Ridgway, 1993; Digonnet et al., 1997) , fertilization causes a rise in free Ca 2ϩ in the egg cytoplasm. This Ca 2ϩ rise is essential for stimulating many subsequent events of egg activation, including a depolarization of the egg membrane and the exocytosis of cortical granules (both of which establish polyspermy blocks), and the re-entry of the egg into the meiotic cell cycle (Kline, 1988) .
The Ca 2ϩ rise at fertilization in frog eggs is thought to be mediated by inositol trisphosphate (IP 3 ) receptors in the egg's endoplasmic reticulum (ER), since IP 3 rises at fertilization (Stith et al., 1993; Snow et al., 1996) , injection of IP 3 causes Ca 2ϩ release from the egg's ER Han and Nuccitelli, 1990) , and injection of the IP 3 receptor inhibitor heparin partially inhibits the Ca 2ϩ rise at fertilization (Nuccitelli et al., 1993; ). An antibody against the IP 3 precursor, phosphatidylinositol 4,5-bisphosphate (PIP 2 ), also partially inhibits the Ca 2ϩ rise (Nuccitelli et al., 1993) . However, heparin is a nonspecific inhibitor (Inui et al., 1987; Bezprozvanny et al., 1993) , and the specificity of the PIP 2 antibody is unknown. The fact that IP 3 causes the Ca 2ϩ rise at fertilization has been more definitively established in mammals, by injection of an antibody against the IP 3 receptor into hamster eggs, which completely inhibits the Ca 2ϩ rise at fertilization (Miyazaki et al., 1992) . IP 3 is produced by members of the phospholipase C (PLC) family of enzymes, which hydrolyze PIP 2 , generating IP 3 and diacyglycerol (Singer et al., 1997) . The PLC family includes three subgroups: ␤, ␥, and ␦. PLC␤ is most commonly activated by heterotrimeric G-proteins, and PLC␥ by protein tyrosine kinases (receptor kinases or cytoplasmic kinases). The regulation of PLC␦ is not well understood.
The interaction of PLC␥ with a tyrosine kinase com-monly occurs by way of two tandem Src homology 2 (SH2) domains within the PLC␥ protein. SH2 domains are ϳ100 amino acid sequences that are found in many signaling proteins and that confer specificity on protein-protein interactions by binding to specific phosphotyrosinecontaining sequences of the interacting protein (Ottinger et al., 1998) . The association of PLC␥ with a tyrosine kinase allows the kinase to phosphorylate PLC␥ and also increases PLC␥ activity, although it is uncertain if the phosphorylation causes the activation (Singer et al., 1997) . PLC␥ SH2 domains have been used both in vitro (Bae et al., 1998) and in vivo (Chen et al., 1994; Roche et al., 1996; Wang et al., 1998; Mehlmann et al., 1998) as specific competitive inhibitors of PLC␥ activation. Injection of starfish or sea urchin eggs with PLC␥ SH2 domains inhibits Ca 2ϩ release at fertilization, indicating that PLC␥ functions in this pathway (Carroll et al., 1997 Shearer et al., 1999) . The possibility that PLC␥ might function at fertilization in Xenopus eggs is suggested by the finding that stimulation of exogenously expressed epidermal growth factor receptors causes a Ca 2ϩ rise (Yim et al., 1994) and by experiments with tyrosine kinase inhibitors (Sato et al., 1998 (Sato et al., , 1999 Glahn et al., 1999; see Discussion) .
Alternatively, IP 3 production at fertilization in Xenopus might involve PLC␤. PLC␤ activity is regulated by heterotrimeric G-proteins, which are composed of three subunits (␣␤␥) and which include four families: G s , G i , G q , and G 12 . PLC␤ can be activated by the ␣ subunits of the G q family, which includes four members: G q , G 11 , G 14 , and G 15 /G 16 , or by the ␤␥ subunits associated with any of the ␣ subunit families (Singer et al., 1997) . In Xenopus eggs expressing exogenous receptors that release Ca 2ϩ by way of a G-protein/PLC␤ pathway (e.g., serotonin 2C or m1 acetylcholine receptors), application of the corresponding agonist causes a Ca 2ϩ rise (Kline, 1988; Kline et al., 1991) , indicating that a functional G-protein/PLC␤ pathway is present. Ca 2ϩ release at fertilization of Xenopus eggs is not inhibited by pertussis toxin, arguing against a role for G i family members G i and G o (Kline et al., 1991; see Discussion) , but the requirement for other G-proteins has not been tested. Earlier attempts to test the requirement for a G-protein using the general G-protein inhibitor GDP-␤-S were not conclusive, due to nonspecific effects of GDP-␤-S when injected into Xenopus eggs (Kline et al., 1990) . However, the ability of G q family ␣ subunits to activate PLC␤ suggests that a G q family G-protein might function in releasing Ca 2ϩ at fertilization. Consistent with this hypothesis, the amount of G q family proteins increases sixfold as Xenopus oocytes mature into fertilizable eggs (Gallo et al., 1996) .
In the present study, we examined the role of the IP 3 receptor in Xenopus fertilization, using an antibody that inhibits IP 3 receptor function. We also investigated the functions of PLC␥ and PLC␤, using PLC␥ SH2 domains to inhibit SH2-mediated PLC␥ activation and an antibody to inhibit G q -mediated PLC␤ activation.
MATERIALS AND METHODS

Preparation of Xenopus Gametes
Albino female and wild-type male X. laevis were purchased from Nasco (Fort Atkinson, WI). Albino eggs were used to avoid pigment absorbance of the light used to measure Ca 2ϩ . Stage VI oocytes were isolated from the ovary using collagenase and matured in vitro by incubation in 1 g/ml progesterone for 7-10 h at 18°C (Gallo et al., 1996) . Progesterone was added to the oocytes using an automated dispenser, the "Early Morning Technician," consisting of a timercontrolled solenoid pinch valve (Neptune Research Inc., West Caldwell, NJ; see Frogs and Frog Supplies at http://egg.uchc.edu/ injection). Since albino oocytes contain no pigment in their animal hemisphere, the appearance of a "white spot" could not be used to detect oocyte maturation. However, using a stereoscope and oblique illumination, a light gray spot, ϳ300 -400 m in diameter, could sometimes be observed at the animal pole of immature albino oocytes. After 7-10 h in progesterone, a smaller, darker gray spot, ϳ100 -200 m in diameter, was visible at the animal pole. This morphological change correlated with germinal vesicle breakdown (GVBD) as determined by fixing the oocytes for 15 min in 4% trichloroacetic acid before or after the spot condensation and then cutting them in half with a scalpel to observe whether or not the germinal vesicle was present.
In vivo matured eggs were squeezed from a female frog that had been injected with pregnant mare serum gonadotropin followed 30 h later with human chorionic gonadotropin (Gallo et al., 1996) . Testes were dissected from male frogs (6.25-7.5 cm size) and stored in 1ϫ modified Ringer's (MR) (100 mM NaCl, 1.8 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 5 mM Hepes, pH 7.8). A stock sperm suspension was prepared by mincing half of a testis in 200 l of 1/3ϫ MR. In preliminary experiments, we determined the maximum dilution of this stock sperm suspension that could produce 100% fertilization. As noted below, uniform diffusion of IgG throughout the egg cytoplasm requires ϳ3 h, so these tests were conducted ϳ3 h after squeezing the eggs from the frog. Recordings of Ca 2ϩ release at fertilization were made using different dilutions of the sperm stock. Approximately one-hundred percent of the eggs showed a Ca 2ϩ rise when exposed to undiluted sperm (8/8) or a 10ϫ dilution (15/16). However, only 57% showed a Ca 2ϩ rise with a 100ϫ dilution (4/7). The requirement for a relatively high sperm concentration (the 10ϫ dilution contains ϳ5 ϫ 10 6 sperm/ml) may be due to the hydration of the egg jelly that occurs during the 3-h preincubation before insemination (Hollinger and Corton, 1980) . Based on these findings, sperm were used at a 10ϫ dilution of the stock for all experiments, except for those with the IP 3 receptor and control antibody, and two of the experiments with ␣ i -GDP, for which an undiluted sperm stock was used. Insemination was performed by removing the 1/3ϫ MR from the three to four jellied eggs present on an injection slide (see Microinjection) and applying 70 l of the sperm suspension directly on top of the eggs.
Immunoblotting
Eggs were dejellied with 45 mM ␤-mercaptoethanol and then homogenized using a 200 l pipet tip in a solution containing protease inhibitors (100 mM K glutamate, 10 mM EGTA, 3 mM MgCl 2 , 20 mM Hepes, pH 7.2, 10 g/ml aprotinin, 10 g/ml leupeptin, 100 g/ml SBTI, 1 mg/ml Pefabloc (Boehringer Mannheim, Indianapolis, IN); 6 l buffer per egg). Lysates were centrifuged at 325g for 2 min to remove yolk. Approximately 30 -50 g of protein was obtained per egg. Proteins were separated by SDS-PAGE on an 8% gel under reducing conditions with high-range molecular weight standards (Bio-Rad Laboratories, Hercules, CA). The proteins were then transferred to nitrocellulose, and immunostaining was performed as previously described (see Jaffe et al., 1993) .
Antibodies, Proteins, and RNAs
A polyclonal antibody against a 19 amino acid peptide at the C terminus of the rat type I IP 3 receptor (RIGLLGHPPHMNVN-PQQPA) was made in rabbits and affinity purified (Research Genetics, Huntsville, AL). Nonimmune rabbit IgG was from Sigma (St. Louis, MO). The PLC␥ antibody used for probing the blot shown in Fig. 1 was a mouse mixed monoclonal antibody against bovine PLC␥1 (Upstate Biotechnology Inc., Lake Placid, NY, No. 05-163). Other antibodies used for blots of PLC␥ were as follows: a rabbit polyclonal antibody against a 320 amino acid sequence mapping within the SH2-SH2-SH3 domain of rat PLC␥1 (Santa Cruz Biotechnology, Santa Cruz, CA, No. sc-426), a mouse monoclonal antibody against bovine PLC␥1 (from S. G. Rhee, NIH, Bethesda, MD, clone B-2-5), and a rabbit polyclonal antibody against an amino acid sequence at the carboxy terminus of human PLC␥2 (Santa Cruz Biotechnology, . Recombinant rat PLC␥1 protein produced in insect cells was used as a positive control (Horstman et al., 1995;  obtained from G. Carpenter, Vanderbilt University, Nashville, TN).
The QL antibody was made against a 10 amino acid peptide identical to the carboxyl terminus of Xenopus G␣ q and affinity purified (provided by T. L. Z. Jones, NIH, Bethesda, MD; see Gallo et al., 1996) . The peptide used to make the QL antibody is 90% identical to the carboxyl terminus sequence of Xenopus G␣ 11 (Shapira et al., 1994) and 80% identical to the carboxyl terminus sequence of Xenopus G␣ 14 (Shapira et al., 1998) . Immunoblots of Xenopus oocytes overexpressing Xenopus G␣ q or G␣ 11 have shown that the QL antibody recognizes these proteins (Shapira et al., 1998) . This antibody also recognizes mammalian G␣ 14 (Williams et al., 1998) , which has an identical carboxyl terminus sequence to that of Xenopus G␣ 14 (Shapira et al., 1998) . The QL antibody does not recognize the ␣ subunits of G i or G s family proteins (Shenker et al., 1991) , and there is no sequence similarity to G 12/13 (Strathmann and Simon, 1991) or G 15/16 (Offermanns and Simon, 1995) . Recombinant, nonmyristoylated G␣ i1 protein, produced in insect cells and bound to GDP, was obtained from T. L. Z. Jones (see Jaffe et al., 1993) . The G␣ i1 protein and all antibodies used for microinjection were spin dialyzed and concentrated in 100 mM K aspartate, 10 mM Hepes, pH 7.0.
Plasmid DNA encoding the bovine PLC␥1 SH2 (N ϩ C) GST fusion protein was obtained from S. A. Courtneidge (Sugen, Inc., Redwood City, CA; see Carroll et al., 1997) . Plasmid DNA encoding the murine SHP2 SH2 (N ϩ C) GST fusion protein was obtained from T. Pawson (Mt. Sinai Hospital, Toronto, Ontario, Canada; see Feng et al., 1993; Carroll et al., 1997) . These GST fusion proteins were made as previously described (Gish et al., 1995; Carroll et al., 1997) and spin dialyzed and concentrated in 137 mM NaCl, 2.7 mM KCl, 10 mM phosphate buffer, pH 7.2.
Plasmid DNA for the human platelet-derived growth factor (PDGF) ␤ receptor in the Bluescript vector was obtained from A. Kazlauskas (Harvard Medical School, Boston, MA; see Gronwald et al., 1988) . DNA for the type 2c serotonin (5HT) receptor in the Bluescript vector was obtained from D. Julius (University of California, San Francisco, CA; see Julius et al., 1988; Baxter et al., 1995) . RNA was transcribed in vitro as previously described (Shilling et al., 1990) .
Microinjection
Immature oocytes were injected using a Picospritzer (General Valve Corporation, Fairfield, NJ) set at 30 psi with a duration of 40 -200 ms. The oocytes, in 1ϫ MR, were held in a 900-m nylon mesh (Tetko, Inc., Depew, NY) that was attached with chloroform to a plastic petri dish and observed with a stereoscope. The micropipets used for injection were made from glass capillaries with an interior glass fiber to facilitate filling (World Precision Instruments, Sarasota, FL). The micropipet tips were broken with a forceps to a diameter of ϳ18 m, and injections were calibrated by expelling a drop of solution into silicon oil and then calculating the volume of the drop based on its diameter.
To inject mature eggs without causing artificial activation, we put eggs in a low Ca 2ϩ bath solution and used finely tapered micropipets with a tip diameter of Յ4 m. The bath solution contained 1.7 M free Ca 2ϩ (100 mM NaCl, 1.8 mM KCl, 10 mM MgCl 2 , 5.0 mM Hepes, pH 7.0, 1.5 mM CaCl 2 , 2.0 mM EGTA). Free Ca 2ϩ was calculated using the program "Free Calcium" written by T. Jean based on Fabiato and Fabiato (1979) and modified for use on a MacIntosh computer by W. Klee. The Free Calcium program is available at http://egg.uchc.edu/injection/freeca.html. Both the low Ca 2ϩ and the high ionic strength help to prevent artificial activation (Wangh, 1989) ; the high Mg 2ϩ may also be beneficial. The same techniques were used for both jelly-intact and jelly-free eggs.
Our procedure for injecting mature frog eggs is described in detail at http://egg.uchc.edu/injection. In brief, eggs were placed against a piece of 1.4-mm-diameter polyethylene tubing attached with wax to a piece of glass slide. The glass slide was attached to a plastic slide with a U-shaped cutout that provided side walls for containing the solution around the eggs. The injections were performed at 18°C on the stage of an upright microscope with a 5ϫ, 0.15 N.A. Plan Neofluar objective (Carl Zeiss, Inc., Thornwood, NY) and a micrometer reticle in the eyepiece. The micropipet (made from 1.0 mm o.d., 0.8 mm i.d. glass, Drummond Scientific Corporation, Broomall, PA) was backloaded with mercury (Hiramoto, 1962) and brought in horizontally to the eggs. The tip of the micropipet was broken to a diameter of 3-4 m by tapping against the edge of a glass capillary, and the mercury was pushed to the tip. The micropipet was then front-filled from a glass loading capillary (0.8 mm o.d., 0.6 mm i.d., Drummond) placed on the injection slide and containing a sandwich of silicon oil (Sigma, No. DMPS-1C), injection solution, and silicon oil. The micropipet was filled with a small amount of silicon oil, followed by the injection solution and finally with a cap of silicon oil. The volume of solution drawn into the micropipet for each injection was calibrated by measuring the decrease in the length of the column of solution in the loading capillary.
The loaded micropipet was pushed through the egg jelly and vitelline layers and then through the egg plasma membrane, then pulled back slightly to relieve the stretch on the membrane before injection. Each injection pipet was used only once. All injection volumes were 50 nl, which is 5% of the total oocyte or egg volume (1 l). Though the organelle-free cytoplasmic volume has been measured to be about 450 nl (see Nuccitelli et al., 1993) , we calculated cytoplasmic concentration values based on the total egg volume of 1 l, to be consistent with similar studies using other species of eggs (Carroll et al., 1997 Mehlmann et al., 1998) . Protein, Ca green dextran, and caged IP 3 concentrations given in the text refer to the final concentrations in the egg cytoplasm.
After injection, eggs were incubated for 3 h at 18°C, to allow time for the injected protein and/or Ca green dextran to diffuse throughout the egg cytoplasm. This incubation time was based on the ϳ3-h time required for fluorescent IgG to become approximately evenly distributed in the egg cytoplasm. Close to 100% of the jelly-intact eggs injected by this procedure were subsequently fertilizable (see Tables 1-3) , although the delay of 3 h between squeezing of eggs from the frog and addition of sperm resulted in polyspermy, as indicated by irregular cleavage. The cause of the polyspermy is unknown since these eggs showed Ca 2ϩ responses that were indistinguishable from those of monospermic eggs that were inseminated 1 h after squeezing from the frog.
Ca
2؉ Measurements
Ca 2ϩ measurements were made using Ca green 10-kDa dextran (Molecular Probes, Eugene, OR) at a final concentration of 20 M in the egg cytoplasm. Fluorescence was detected using a 5ϫ, 0.15 N.A. Plan Neofluar objective and a photomultiplier tube connected through a current-to-voltage converter to a chart recorder as previously described (Chiba et al., 1990) . All Ca 2ϩ measurements were done at 18°C. For some experiments, Ca green dextran fluorescence was imaged using a laser scanning confocal microscope (MRC600; Bio-Rad Laboratories) with a 2.5ϫ, 0.075 N.A. neofluar objective and with the pinhole aperture fully open. Although the optical section thickness was not determined precisely, it was greater than the egg diameter, based on calculations that have been made for a Zeiss confocal microscope used with this same objective and a fully open pinhole aperture (ϳ4 mm; Zeiss LSM410 computer program). The video output from the confocal microscope was stored on an optical memory disk recorder (see Terasaki et al., 1997) .
For experiments with caged IP 3 (D-myo-inositol 1,4,5-trisphosphate, P 4(5) -1-(2-nitrophenyl) ethyl ester, Calbiochem, La Jolla, CA), the caged IP 3 was injected into immature oocytes. The oocytes were then matured in vitro. One to 3 h after GVBD, the matured eggs were coinjected with 20 M Ca green dextran and the IP 3 receptor (IP 3 R) antibody or control rabbit IgG. The eggs were injected within the 1-to 3-h time window after GVBD in order to avoid artificial egg activation during microinjection, which occurs more readily in older eggs. Three hours after the antibody injection, the IP 3 was uncaged by exposing the eggs for 15 s to UV light from a 100-W mercury arc lamp that was passed through a 330-nm bandpass filter (Omega Optical, Brattleboro, VT) and focused on the egg through the microscope objective.
For experiments with PDGF, oocytes were injected with 2.5 ng of PDGF receptor mRNA, incubated for ϳ30 h at 18°C, and then matured in vitro by adding 1 g/ml progesterone. One to 3 h after GVBD, the eggs were coinjected with 20 M Ca green dextran and the SH2 domain protein. Three hours after the protein injections, the eggs were placed in 18-mm-diameter plastic dishes containing 500 l of 7 nM human PDGF B/B (Boehringer Mannheim) plus 1 mg/ml BSA in 1/3ϫ MR, and Ca green dextran fluorescence was measured as described above. PDGF was present throughout the recording period.
For experiments with serotonin, oocytes were injected with 2.5 ng of serotonin receptor mRNA, incubated for ϳ30 h at 18°C, and then matured in vitro. One to 3 h after GVBD, these eggs were coinjected with 20 M Ca green dextran and the G q family antibody or control IgG. Three hours after the protein injections, the eggs were placed in 1 nM serotonin (5-hydroxytryptamine creatinine sulfate complex, Sigma) in 1/3ϫ MR, while Ca green dextran fluorescence was measured. Serotonin was present throughout the recording period.
For fertilization experiments, jelly-intact eggs matured in vivo were coinjected with 20 M Ca green dextran and proteins as indicated, and incubated for 3 h before insemination.
RESULTS
An Antibody against the IP 3 Receptor Reduces IP 3 -Mediated Ca 2؉ Release in Xenopus Eggs
Before examining the function of the IP 3 R in fertilization, we first investigated whether an antibody against this protein could inhibit IP 3 -induced Ca 2ϩ release in Xenopus eggs. We tested an affinity-purified polyclonal antibody made against the 19 amino acids at the C terminus of the rat type I IP 3 R (see Materials and Methods). The amino acid sequences of the Xenopus IP 3 R and the rat type I IP 3 R are 79% identical in this region (Mignery et al., 1990; Kume et al., 1993) . The antibody specifically recognized a protein in Xenopus eggs that migrated at approximately the same position as the IP 3 R in rat brain (Fig. 1A) .
Caged IP 3 was used to test the effect of the IP 3 R antibody on IP 3 -induced Ca 2ϩ release. Eggs that had been injected with caged IP 3 (1 M final intracellular concentration) were exposed to UV light to uncage the IP 3 . In eggs coinjected with caged IP 3 and 1 mg/ml of the IP 3 R antibody, Ca 2ϩ release was significantly reduced compared to the IgG controls (Fig. 2, Table 1 ).
(1 mg/ml refers to the final Protein from 50 g of frog egg lysate and 10 g of rat brain lysate was separated on an 8% SDSpolyacrylamide gel, transferred to nitrocellulose, and probed with 0.6 g/ml of a polyclonal antibody made against a 19 amino acid peptide sequence from the C terminus of the rat type I IP 3 R (15/19 amino acids identical for the Xenopus IP 3 R). This antibody recognized a protein in the Xenopus egg that comigrated with the rat IP 3 R at approximately the expected molecular weight of 307 kDa (Kume et al., 1993) . (B) Protein from 50 g of frog egg lysate and 10 ng of rat recombinant PLC␥1 protein was separated on an 8% SDS-polyacrylamide gel, transferred to nitrocellulose, and probed with 1 g/ml of a mixed monoclonal antibody raised against bovine PLC␥1. This antibody recognized a protein in the Xenopus egg that comigrated with rat PLC␥1 at approximately the expected molecular weight of 145 kDa (Liao et al., 1993). concentration of IgG in the egg cytoplasm, based on a 1-l cytoplasmic volume; this corresponds to 7 M.) The antibody inhibits a step subsequent to IP 3 binding, since it did not reduce IP 3 binding to canine cerebellar membranes or to the purified IP 3 receptor (methods as described by Kaftan et al., 1997 ; data not shown).
Ca
2؉ Release at Fertilization of Xenopus Eggs Requires the IP 3 Receptor
To test if this IP 3 R antibody inhibited Ca 2ϩ release at fertilization, eggs were injected with 1 mg/ml of the antibody or with control IgG and then inseminated while recording total Ca green fluorescence using a photomultiplier. With control IgG, a Ca 2ϩ rise similar to that which normally occurs at fertilization was seen in 86% of the eggs (Fig. 3A, Table 1 ). With the IP 3 R antibody, 71% of the eggs showed no detectable Ca 2ϩ rise after insemination (Fig. 3B , Table 1 ). Twenty-nine percent showed a Ca 2ϩ rise of normal amplitude, but the initiation of the Ca 2ϩ rise after insemination was significantly delayed compared to the IgG controls, and the Ca 2ϩ rise was more gradual once it began (Fig.  3C , Table 1 ). These data indicate that the IP 3 R antibody has an inhibitory effect on the ability of Xenopus eggs to release Ca 2ϩ at fertilization. A recent abstract reported that in eggs injected with a different IP 3 receptor antibody, insemination failed to produce the normal wave of Ca 2ϩ release, but did result in local and transient Ca 2ϩ rises called "hot spots." Hot spots have also been seen in Xenopus eggs injected with heparin and are believed to represent Ca 2ϩ rises at sperm-egg fusion sites (Nuccitelli et al., 1993; . To examine if hot spots occurred in our IP 3 receptor antibody-injected eggs, we imaged the eggs using a confocal microscope. In 4 of 10 eggs, we observed hot spots (Fig. 4B) (7) 10.5 Ϯ 2.4 (6) 1.8 Ϯ 0.31 (6) IP 3 R antibody, 1 mg/ml 0.23 Ϯ 0.1 (5) 29 (7) 20 Ϯ 0 (2) 2.1 Ϯ 0.35 (2) a Data are expressed as the mean Ϯ SD. n, number of eggs. b Immature oocytes were injected with 1 M caged IP 3 and matured with progesterone. 1-3 h after GVBD, the eggs were coinjected with 20 M Ca green dextran and the indicated protein. 3 h after the antibody injections, these eggs were exposed to UV light for 15 s to uncage the IP 3 and Ca green fluorescence was then monitored as in Fig. 2 .
c Eggs were coinjected with 20 M Ca green dextran and the indicated protein. 3 h later these eggs were inseminated and Ca green fluorescence was monitored as in Fig. 3 .
d Data for Ca green fluorescence in response to IP 3 are expressed as the area under the curve of photomultiplier current as a function of time for a 9-min period following the UV exposure; these values were normalized by dividing by (baseline current ϫ 9 min). Data are presented this way rather than as peak amplitude, because the peak sometimes occurred during the UV exposure.
e Values for the time to the Ca 2ϩ rise refer to the time between insemination and the time at which the fluorescence versus time trace started to rise. Note that of eggs injected with the IP 3 R antibody, only two of the seven eggs tested showed a Ca 2ϩ rise. f Values for peak amplitude are expressed as the increase in fluorescence after fertilization divided by the fluorescence of the unstimulated egg. Note that this mean includes only those eggs that showed a Ca 2ϩ rise; it does not include the five of seven eggs injected with the IP 3 R antibody that gave no response.
did not travel completely across the egg. One of the 10 eggs showed no Ca 2ϩ rises. Three of 3 eggs injected with Ca green dextran only (Fig. 4A ) and 10/10 eggs injected with control IgG showed a normal Ca 2ϩ wave and no hot spots. The absence of a signal corresponding to hot spots in the whole egg photomultiplier recordings from IP 3 receptor antibodyinjected eggs (Figs. 3B and 3C) is presumably due to the lower sensitivity of this method.
These experiments show that IP 3 is required in the signal transduction pathway leading to the Ca 2ϩ rise at fertilization in Xenopus eggs. However, the Ca 2ϩ rise is not completely inhibited by the IP 3 receptor antibody, consistent with the incomplete inhibition of IP 3 -induced Ca 2ϩ release by this antibody.
Ca
2؉ Release at Fertilization of Xenopus Eggs Does Not Require SH2 Domain-Mediated Activation of PLC␥1
Since phospholipase C␥ mediates IP 3 production and Ca 2ϩ release in echinoderm eggs (Carroll et al., 1997 Shearer et al., 1999) , we examined the role of this enzyme in releasing Ca 2ϩ at fertilization in frog eggs. Immunoblots showed that PLC␥1 protein was present in Xenopus eggs. A mixed monoclonal antibody against bovine PLC␥1 recognized a protein in Xenopus eggs that comigrated with recombinant PLC␥1, at the expected molecular weight of about 145 kDa (Fig. 1B) . This same result was obtained using a polyclonal antibody against rat PLC␥1 and another monoclonal antibody against bovine PLC␥1 (data not shown, see Materials and Methods). However, we did not detect the other PLC␥ isozyme, PLC␥2, on an immunoblot of Xenopus eggs using an antibody made against human PLC␥2 (data not shown, see Materials and Methods).
To examine if PLC␥1 SH2 domains are effective inhibitors of PLC␥1 activation in Xenopus eggs, we tested their effect on Ca 2ϩ release in response to stimulation of the PDGF receptor tyrosine kinase. PDGF receptors were expressed in Xenopus eggs by injecting PDGF receptor mRNA into immature oocytes. After maturation in vitro, these eggs were coinjected with Ca green dextran and either the PLC␥1 SH2 domains or the SH2 domains of a control protein, the phosphatase SHP2. Eggs injected with the control SH2 domains (1 mg/ml in the egg cytoplasm ϭ 20 M) showed a Ca 2ϩ rise when treated with PDGF (Fig. 5A , Table 2 ). However, eggs injected with PLC␥1 SH2 domains, at either 1 mg/ml (20 M) or 0.1 mg/ml (2 M), were completely inhibited from initiating a Ca 2ϩ rise in response to PDGF (Fig. 5B, Table 2 ). These results indicate that the PLC␥1 SH2 domains are effective inhibitors of SH2 domainmediated activation of PLC␥1 in Xenopus eggs.
To test if SH2 domain-mediated activation of PLC␥1 is needed for Ca 2ϩ release at fertilization, Xenopus eggs were coinjected with Ca green dextran and PLC␥1 SH2 domains and inseminated. At a cytoplasmic concentration of 1 mg/ml (10 times higher than that which blocked the PDGF response), PLC␥1 SH2 domains did not inhibit Ca 2ϩ release at fertilization (Fig. 6, Table 2 ). Neither the delay between insemination and the beginning of the Ca 2ϩ rise nor the peak amplitude of the Ca 2ϩ rise were significantly different from controls (Table 2) . We also examined the wave of Ca 2ϩ release in these eggs using the confocal microscope. Six of seven eggs injected with PLC␥ SH2 domains (1 mg/ml) showed Ca 2ϩ waves that were indistinguishable from those in eggs injected with Ca green only (Figs. 4A and 4C) (one of seven PLC␥ SH2-injected eggs showed no Ca 2ϩ release). None of the seven eggs showed the transient local Ca 2ϩ rises (hot spots) seen in some of the eggs injected with the IP 3 receptor antibody (Fig. 4B) . These data indicate that in Xenopus, in contrast to echinoderms, SH2 domainmediated activation of PLC␥1 is not needed for initiating the release of Ca 2ϩ at fertilization.
Ca
2؉ Release at Fertilization of Xenopus Eggs Does Not Require G q Family G-Protein-Mediated Activation of Phospholipase C␤
Next we investigated if activation of PLC␤ by G q family members is required for initiating the Ca 2ϩ rise at fertilization, by injection of a function-inhibiting antibody. We used an affinity-purified antibody, "QL," which was made against a common C-terminal sequence of G q , G 11 , and G 14 and which recognizes G q family proteins in Xenopus eggs (Gallo et al., 1996; Shapira et al., 1998; see Materials and Methods) . The peptide sequence at the C-terminus of mammalian G 15/16 differs from that of other G q family members, so the G q family antibody we used would not be expected to recognize a Xenopus G 15/16 homolog (Offermanns and Si- mon, 1995). This antibody inhibits the function of G q family proteins in mammalian cells (LaMorte et al., 1993) .
To test if this antibody inhibited G q family protein function in Xenopus eggs, we tested its effect on Ca 2ϩ release in response to stimulation of the serotonin 2C receptor. The serotonin 2C receptor releases Ca 2ϩ from intracellular stores by way of a G-protein-PLC␤-mediated process (Offermanns and Simon, 1995) . Since Ca 2ϩ release by way of the serotonin 2C receptor is insensitive to pertussis toxin in mature Xenopus eggs (Kline et al., 1991) , a G i or G o protein is not required, indicating the likely involvement of a G q family protein. Serotonin 2C receptors were expressed in Xenopus eggs by injecting mRNA into immature oocytes. After maturation in vitro, these eggs were coinjected with Ca green dextran and either G q antibody or control rabbit IgG. Eggs injected with 1 mg/ml control IgG showed a Ca 2ϩ rise in response to serotonin (Fig.  7A) , whereas eggs injected with 1 mg/ml G q antibody did not (Table 3) . Of eggs injected with 0.1 mg/ml G q antibody, 67% did not initiate a Ca 2ϩ rise in response to serotonin (Fig. 7B, Table 3 ) and in the remaining 33% that did initiate a Ca 2ϩ rise, the rise was significantly delayed compared to controls (data not shown). These results indicate that the G q antibody is an effective inhibitor of G q -mediated PLC␤ activation in Xenopus eggs.
To test if G q -mediated activation of PLC␤ is needed for the release of Ca 2ϩ at fertilization, Xenopus eggs were coinjected with Ca green dextran and the G q antibody and inseminated. At a cytoplasmic concentration of 1 mg/ml (10 times higher than that which inhibited the serotonin response) the G q antibody did not inhibit Ca 2ϩ release at fertilization (Fig. 8, Table 3 ). Neither the delay between insemination and the beginning of the Ca 2ϩ rise, nor the peak amplitude of the Ca 2ϩ rise, were significantly different from controls (Table 3) . We also examined the wave of Ca 2ϩ release in these eggs using the confocal microscope. Four of five eggs injected with the G q antibody (1 mg/ml) showed Ca 2ϩ waves that were indistinguishable from those in eggs injected with Ca green only (Figs. 4A and 4D) (one of five G q antibody-injected eggs showed no Ca 2ϩ release). None of these eggs showed the transient local Ca 2ϩ rises (hot spots) seen in some of the eggs injected with the IP 3 receptor antibody (Fig. 4B) . Since the G q antibody recognizes G q , G 11 , and G 14 , these data indicate that activation of PLC␤ by these G q family G-proteins is not needed for initiating the release of Ca 2ϩ at fertilization in Xenopus eggs. Because heterotrimeric G protein ␤␥ subunits can also 1 mg/ml 0 (6) 100 (5) 9.0 Ϯ 2.1 2.0 Ϯ 0.2 0.1 mg/ml 0 (3) ---SHP2 SH2 (control) 1 mg/ml 100 (6) ---0.1 mg/ml 100 (4) ---a Data are expressed as the mean Ϯ SD. n, number of eggs. b Eggs expressing the PDGF receptor were coinjected wtih 20 M Ca green dextran and the indicated protein. 3 h later, the eggs were exposed to 7 nM PDGF and Ca green fluorescence was monitored as in Fig. 5 .
c Eggs were coinjected with 20 M Ca green dextran and the indicated protein. 3 h later, the eggs were inseminated and Ca green fluorescence was monitored as in Fig. 6. d Values for the time to Ca 2ϩ rise refer to the time between insemination and the time at which the fluorescence versus time trace started to rise.
e Values for peak amplitude are expressed as the increase in fluorescence after fertilization divided by the fluorescence of the unfertilized egg. activate PLC␤ (Singer et al., 1997) we tested if injection of an inhibitor of ␤␥ function would inhibit Ca 2ϩ release at fertilization. For this purpose, we used excess ␣ subunits in the GDP-bound form, to sequester ␤␥ subunits (Jaffe et al., 1993) . Xenopus eggs injected with ␣ i -GDP (175 g/ml ϭ 4.3 M final concentration in the egg cytoplasm) showed Ca 2ϩ release that was indistinguishable from controls; four of four eggs showed a Ca 2ϩ rise, which started at 9.5 Ϯ 2.4 min after insemination (mean Ϯ SD). To test that the ␣ i -GDP preparation was active, we confirmed that, at this same concentration, it inhibited hormone-induced meiotic maturation in starfish oocytes, a known ␤␥-mediated process (Jaffe et al., 1993) . Although we cannot be certain that this amount of ␣ i -GDP effectively sequestered all of the ␤␥ subunits present in the Xenopus eggs cytoplasm, these results argue against a role for ␤␥ subunits in releasing Ca 2ϩ at fertilization.
FIG. 6. No inhibition of Ca
It is possible that more than one PLC-mediated pathway could be activated at fertilization, such that when one pathway is blocked, another is sufficient to release Ca 2ϩ . In this case, however, it seems likely that the kinetics of Ca 2ϩ release would be slowed when one of the parallel pathways was blocked. No such slowing was observed in our experiments. In one series of experiments, we coinjected eggs with both PLC␥1 SH2 domains and the G q antibody (0.5 mg/ml of each protein). This had no effect on Ca 2ϩ release at fertilization; three of three eggs showed a Ca 2ϩ rise, which started at 6.7 Ϯ 1.5 min after insemination (mean Ϯ SD).
DISCUSSION
A central problem of fertilization biology is to understand how the interaction of the sperm with the egg stimulates the release of Ca 2ϩ from the egg's endoplasmic reticulum. In the present study, we characterized an antibody that reduces IP 3 -mediated Ca 2ϩ release and used it to show that the Ca 2ϩ rise that occurs in Xenopus eggs at fertilization requires type I IP 3 receptors. Likewise in mammalian eggs, an antibody against the type I IP 3 receptor inhibits Ca 2ϩ release at fertilization (Miyazaki et al., 1992; Xu et al., 1994) . In our experiments with Xenopus eggs, the inhibition of Ca 2ϩ release at fertilization was incomplete. The cause of the residual Ca 2ϩ release is not known, but it is consistent with the incomplete inhibition of IP 3 -induced Ca 2ϩ release seen with this antibody. (The other known ER Ca 2ϩ channel, the ryanodine receptor, is not detectable in Xenopus eggs; Parys 3 h later, the eggs were exposed to 1 nM serotonin and Ca green fluorescence was monitored as in Fig. 7 .
c Eggs were coinjected with 20 M Ca green dextran and the indicated protein. 3 h later, the eggs were inseminated and Ca green fluorescence was monitored as in Fig. 8 . et al., 1992.) Based on these findings, we conclude that IP 3 is an essential factor for Ca 2ϩ release at fertilization in Xenopus eggs, but it may not be the only essential factor.
Since IP 3 mediates Ca 2ϩ release at fertilization in Xenopus eggs, we investigated how fertilization might activate the phospholipase C that generates the IP 3 . Although PLC␥1 SH2 domains inhibited the Ca 2ϩ rise in response to PDGF, they did not inhibit the Ca 2ϩ rise at fertilization, even at a 10ϫ higher concentration. These results indicate that SH2-mediated activation of PLC␥1 is not needed for the initiation of the Ca 2ϩ rise at fertilization in Xenopus eggs. A role in Xenopus fertilization of SH2-domain mediated activation of PLC␥2 is also unlikely, since PLC␥1 SH2 domains appear to inhibit both isoforms of the enzyme (see Mehlmann et al., 1998) . Furthermore, we did not detect PLC␥2 protein in Xenopus eggs.
These results are somewhat surprising in light of findings that under some experimental conditions, the tyrosine kinase inhibitor lavendustin A inhibits Ca 2ϩ release at fertilization of Xenopus eggs (Glahn et al., 1999) . In addition, several other tyrosine kinase inhibitors inhibit morphological events of egg activation in Xenopus (Glahn et al., 1999; Sato et al., 1998 Sato et al., , 1999 . Although these results suggest that tyrosine phosphorylation of PLC␥ might be responsible for Ca 2ϩ release at fertilization, an action of these inhibitors on targets other than tyrosine kinases or an effect of a tyrosine kinase on a target other than PLC␥ (see below) is possible.
We also investigated if activation of PLC␤ by a G q family G-protein is required for the Ca 2ϩ rise at fertilization. Our results demonstrated that an antibody specific for G q , G 11 , and G 14 , which inhibits Ca 2ϩ release by the serotonin 2C receptor, had no effect on the Ca 2ϩ rise at fertilization, even at 10ϫ the concentration that inhibited the serotonin response. This result indicates that activation of PLC␤ by way of G q , G 11 , or G 14 is not needed for Xenopus eggs to release Ca 2ϩ at fertilization. These findings also provide evidence that the fourth G q family member, G 15/16 , is not functional in Xenopus eggs. The serotonin 2C receptor activates G 15/16 , which in turn activates PLC␤ (Offermanns and Simon, 1995) . Therefore, if functional G 15/16 were present in Xenopus eggs, serotonin stimulation would result in a Ca 2ϩ rise, even in the presence of the G q/11/14 antibody.
Other than those of the G q family, no G-protein ␣ subunits (␣ i , ␣ o , ␣ z , ␣ s , ␣ 12 , ␣ 13 ) have been found to activate PLC␤ (Hepler et al., 1993; Singer et al., 1994; Kozasa and Gilman, 1995) . However, the ␤␥ subunits of heterotrimeric G-proteins can activate PLC␤ (Singer et al., 1997) . Although experiments with pertussis toxin have indicated that ␤␥ from G i or G o is not required for Ca 2ϩ release at fertilization in frog eggs (Kline et al., 1991) , other G-proteins that are pertussis toxin insensitive (the G i family member G z , as well as G s , G 12 , or G 13 ) could in principle provide the ␤␥ subunits. However, we found that sequestration of ␤␥ subunits by injection of ␣ i -GDP was not inhibitory. Thus a role for a heterotrimeric G-protein in initiating Ca 2ϩ release at fertilization in Xenopus eggs is unlikely. Experiments similar to those described in this paper have also argued against SH2-domain-mediated activation of PLC␥ or heterotrimeric G-protein-mediated activation of PLC␤ in initiating Ca 2ϩ release at fertilization in mouse eggs (Williams et al., 1998; Mehlmann et al., 1998) . In contrast, the Ca 2ϩ rise at fertilization in starfish and sea urchin eggs requires SH2-mediated activation of PLC␥ (Carroll et al., 1997 Shearer et al., 1999) . These results point to a significant difference in the molecular mechanisms that initiate Ca 2ϩ release at fertilization in vertebrates (frog and mouse) and echinoderms, although the requirement for IP 3 in this signaling process appears to be universal. The tyrosine kinase dependence of Ca 2ϩ release may also be universal, as inhibition of Ca 2ϩ release by tyrosine kinase inhibitors is seen in echinoderms (Shen et al., 1999; Giusti et al., 1999) and mouse (Dupont et al., 1996) as well as frog (Glahn et al., 1999) .
Other Mechanisms That Could Initiate IP 3 -Mediated Calcium Release at Fertilization in Vertebrate Eggs
While our experiments argue against the best characterized mechanisms for activating PLC␥ and PLC␤ at fertilization of vertebrate eggs, these enzymes can be activated by other means, and PLC␦ remains to be investigated. For example, a tyrosine kinase might phosphorylate and activate PLC␥ without binding to its SH2 domains; this hypothesis would be consistent with both the tyrosine kinase dependence and the PLC␥ SH2 domain independence of Ca 2ϩ release at fertilization. PLC␥ can also be activated by mechanisms that do not involve tyrosine phosphorylation, such as partial proteolysis (Fernald et al., 1994) , a noncatalytic interaction with a tyrosine kinase receptor (Hernandez-Sotomayor and Carpenter, 1993) , or binding to phosphatidic acid, arachidonic acid, or phosphatidylinositol 3,4,5-trisphosphate (Sekiya et al., 1999; Barker et al., 1999) . Likewise, PLC␤ can be activated by monomeric G-proteins (Illenberger et al., 1998) . All of these possibilities are consistent with the tyrosine kinase dependence of Ca 2ϩ release, which could result from some upstream event in the signaling pathway, other than the phosphorylation of PLC␥.
PLC ␤, ␥, and ␦ can all be stimulated by 1-10 M Ca 2ϩ (Wahl et al., 1992; Jhon et al., 1993; Hwang et al., 1996) . Thus, it is possible that Ca 2ϩ introduced into the egg by influx through the sperm membrane following sperm-egg fusion (see Cré ton and Jaffe, 1995) could be the PLCactivating factor. Consistent with this hypothesis, frog eggs can be activated by the intracellular application of Ca 2ϩ from a micropipet (Cross, 1981) . In mouse eggs, fertilization can cause a Ca 2ϩ rise even in an external solution containing very low free Ca 2ϩ (13 nM), arguing strongly against this model (Jones et al., 1998) , but our attempts to carry out such experiments in frog have been inconclusive because of poor sperm motility in the low Ca 2ϩ medium (unpublished results). As another alternative, activated PLC could be introduced into the egg from the sperm, as a consequence of sperm-egg fusion. However, neither of these models would account for the tyrosine kinase dependence of Ca 2ϩ release. It may also be that the activation state of PLC is not the rate-limiting factor in regulating IP 3 production at fertilization in vertebrate eggs. An increase in the PLC substrate PIP 2 , or in the access of PLC to PIP 2 , could also lead to an increase in IP 3 production. Translocation of PLC to the plasma membrane, where PIP 2 is located, could result from a PI 3-kinase-dependent sequence of events as recently described for PDGF-stimulated fibroblasts (Falasca et al., 1998; Sekiya et al., 1999) and for antigen-stimulated mast cells (Barker et al., 1998) . An increase in the amount of PIP 2 , by way of an increase in the activity of the PIP kinase that produces PIP 2 , would also increase IP 3 production and Ca 2ϩ release, as has been reported for agonist stimulation of neutrophils (Stephens et al., 1993) , adhesion stimulation of fibroblasts (Chong et al., 1994) , and antigen stimulation of B-lymphocytes (O'Rourke et al., 1998) . In support of the possibility that fertilization may activate a PIP kinase, a net increase in PIP 2 is seen in frog eggs within a few minutes after fertilization (Snow et al., 1996) . The PIP 2 increase has not been detected prior to Ca 2ϩ release, but this may be a consequence of ongoing PLC activity such that the net increase in PIP 2 is initially very small. In summary, it could be that basal PLC activity, in conjunction with a local increase in PI 3-kinase or PIP kinase activity, resulting from a tyrosine kinase-dependent process at the site of fertilization, initiates IP 3 production and Ca 2ϩ release at fertilization.
